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Altitud llln ss 

Acute Mountain Sickness 

High Altitude Cerebral Edema OMCE) 

High Altitude Pulmonary Edema fHAPE^ 

What is acclimatization? 

Preventing altitude illness 

Treatment 

Other problems at altitude 

Travelers are drawn to high altitude places in ever increasing number- Nepal alone now 
receives more than one hundred thousand trekkers from around the world every year It can be 
easy to under-estimate the dangers of altitude illness; deaths from these conditions are all the 
more tragic because they are entirely preventable. 

Mountain climbers, serious trekkers, romantics sauntering through the foothills of the 
Himalayas, native porters, skiers in North America and Europe, pilgrims to high altitude 
shrines, diplomats posted to La Paz or Lhasa, miners in South America, and Everest marathon 
runners have something in common: they are all exposed to the effects of high altitude, and 
may be at risk from a potentially fatal but eminently preventable problem: Acute Mountain 
Sickness, commonly referred to just as AMS. 

AMS consists of headache plus any one of the following symptoms in different degrees- 
nausea tiredness, sleeplessness or dizziness, occurring at altitudes of around 8000 ft or higher 
where pathophysiological changes due to lack of oxygen may manifest. Another term "altitude 
illness', is also widely used - an umbrella term that includes the benign acute mountain 
sickness and its two life-threatening complications, water accumulation in the brain (high 
altitude cerebral edema, HACE) or high altitude pulmonary edema (HAPE, water accumulation 
in the lungs). The latter two complications may follow AMS, especially when people continue to 
ascend in the face of increasing symptoms. In keeping with the Jesuit tradition of painstaking 
documentation, Father Joseph de Acosta, a sixteenth century Spanish Jesuit priest is credited 
with having first described the effects of high altitude in humans. In vernacular Nepali 
mountain sickness is called "lake lagne": in Sanskrit it is aptly called "damgiri" ("dam" means' 
breathlessness and "giri" means mountain). 

Those most at danger from complications are people who do not "listen to their body" and 
heed the early warning signals of AMS; they can go on to suffer from HAPE and HACE and 
may even die-a process that has been carefully documented in important autopsy studies 
performed by Walter Bond and John Dickinson during the Seventies in the old Shanta Bhawan 
hospital in Nepal. 

Chronic mountain sickness is an entirely different condition, recognized by Carlos Monge 
Medrano in high altitude long-term residents of South America during the Twenties. Such 
maladaptation is seldom found in the Sherpas or Tibetans, possibly due to thousands of years 
of exposure to high altitude living, (south Americans populations are relative newcomers to 
high altitude.) The present discussion will be confined to acute exposure to altitude in short- 
term sojourners. 

Mountain climbers, serious trekkers, romantics sauntering through the foothills of the 
Himalayas, native porters, skiers in North America and Europe, pilgrims to high altitude 
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sickness and its iwo life !threatela mmnliS '? dUdeS the benign acute ™"*™ 
altitude cerebrah edema HJK^ffih^!^? 8, water accumulat ™ in the brain (high 
in the lungs). The latter^ 

with having first dZ^r^iSS'Sf S llf^ ? PaniSh Jesuit priest ' is credited 
of exposure to high Xude Hvinc fsoufh Amp Jlnt S ' 7? 8,bly dUe t0 thousand * of years 



tlQEl 

Acute Mountain Sickness 



M2 3oSm iP hp t m^M t !r re5t tr6k SUfferS fr0m a mild neadach * and nausea at Namche Bazaar 

». dangers and •SXSXS^ZKStfSSS'SS!'*- ™* "J*" W °™ 

burgeonmg adventure travel industry are clueless about mountain Sess V " * e 

-4™^a,^ «- o' ~ * 

excessively tired; is she the last one to drag hSf in to cam^ '"^ *" * ^ feel 

What causes AIMS? 
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AMS is caused by a lack of oxygen. Although the proportion of oxygen in the atmosphere 
always remains the same (21%), as we go higher the "driving pressure" decreases. The 
driving pressure depends directly on the barometric pressure, and forces oxygen from the 
atmosphere into the capillaries of the lungs. Reduced driving pressure results in decreased 
saturation of oxygen in the blood and throughout the tissues. 

Just what causes some people to suffer from AMS but not others is largely unknown, but there 
are clear-cut and important preventive factors that are now well- established (see below). The 
exact mechanism (pathophysiology) of AMS has similarities to that of HACE. 

Heel 

High Altitude Cerebral Edema (HACE) 

Our trekker in the above example would probably go on to suffer form HACE if he continue to 
ascend despite the headache and vomiting; the symptoms of HACE are an extension of those 
to AMS. 

From fatigue, there is progression to lethargy and then to coma. Or there may be confusion 
and disorientation, A useful test is to see if the person can walk a straight line. If he walks like 
a drunk or is unsteady, it has to be assumed that he has life-threatening HACE and needs to 
descend promptly with assistance. This situation is serious enough to justify immediate 
helicopter evacuation. 

HACE is probably caused by shifts of fluid into the tissues of the brain. Reduced oxygen levels 
cause swelling within the confines of the bony skull. The resulting rise in pressure may lead to 
lethargy and eventually coma. 

Hop] 

High Altitude Pulmonary Edema (HAPE) 

This disease may follow AMS, but often it may appear independently. The typical 
scenario would be a trekker who has no headache or nausea, but finds he has a 
harder time walking uphill, that he is out of breath on slight exertion compared with 
the initial days of the trek. There may be a nagging cough and he too may have 
ascribed these symptoms to a cold. He may be suffering from sub-clinical or early 
HAPE, a well-recognized entity. With further ascent this may progress to shortness 
of breath even at rest - descend is now obligatory, or the outcome may be fatal. 

Low oxygen causes the pulmonary artery to narrow and this results in exudation of 
blood near the smaller branches of the lungs (the alveoli). If the exudation 
continues, blood may escape into the alveoli leading to a cough with watery, blood- 
tinged phlegm. Such exudation, or "water logging" of the lung tissue interferes 
further with oxygenation. A popular, compact device called a pulse oximeter can 
measure the oxygen level in the blood simply and rapidly, using a sensor attached 
to the index finger. It can be very helpful in confirming if HAPE is present. 
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IToeJ 

What is acclimatization? 

^^^^^^ ^nl^r 60 ° f 3 ViSit ° r and the hostile 

step is hyperventi.ation- the trekker 

after exposure to rj^^J^J^ Vent " at '° n - H ° WeVer ' 48 to 72 hou ^ 
JJJ^W .o resiree ^S^LT^C^ZZ^l^ 

fTopi 

Preventing altitude illness 

ISdietm it Vti^^f.?^ Percent a p reve ntab.e iiiness. No one 

Himalayan Rescue Cciatbn in T^£^ toS^^ 'T^ ° bjeCtives of the 
aid posts in Pheriche (at around unnnft in +L p P 3Ch he gospel of Prevention, from its 
in the Annapurna ^ region) Thert are S r JS^S T° n) 3nd Manang (at around 12000ft 
that should always be ?ollowed 9 U ' eS ' P ' US SOme ,mportant 9 eneral P rin ^Ples 

1. Understand and recognize the symptoms of AMS. Recent growth in adventure 
travel has made trekking at high altitude simpler and more accessible, with the 
result that more and more people who go trekking are ignorant of the basic facts 

Of altitude illness. 

2. Never ascend with obvious symptoms. Incredibly, I have known people who 
have hired a horse or a yak to go up higher when they were too sick to walk. This 
is courting disaster. 

3. Descend if symptoms increase. It is amazing how striking and dramatic the relief 
may be with even a couple of hundred feet of descent. People with signs of 
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HAPE or HACE have to descend. 

4. Group m mbers need to look ut for one another (perhaps like the buddy 
system in SCUBA diving). This rule gets broken with unfailing regularity every 
trekking season in the Himalayas, because people are just too anxious to complete 
their trek, even if one of their party members is ill. A trekker with AMS, HAPE 
Or HACE will want nothing more than to be left alone, unbothered, at the same 
Altitude- potentially a fatal option. There is no alternative but to bring the person 
Down to a lower altitude accompanied by a friend who speaks the same language. 

Following a conservative rate of ascent 

Going too high too quickly, is the single most important cause of susceDtibilitv to am<? 
Beyond about 9000ft, the sleeping altitude should be no higher than about 1500ft mm*, 
previous mghfs altrtude^The sleeping altitude, not the altitude ach eved X to 
n 2 P h. rtan H' Altlt " de , sickness o^n manifests at night because during dee the Zoen 
evel n the blood may dip further. Many mountain climbers will have been to 14000ft or hinhln 
the A ps or ,n North America but few will have slept at the you don" 

£° fn b r 8 H an experienced climber, or use crampons, to be able to "hang our at 15000ft o 
higher for days: easy accessibility to these altitudes makes exposure to AMS also mush 

While ascending, every second or third day should be rest dav for acclimation -riimh 
and sleep ,ow» is the dictum, but it is important not to exert ^Z^^^ Sffi 

t T hp e J r !ro er shou ' d not be lr \ a nurrv in mountains. The itinerary should be planned so that 

hinh 9h ' e rr a y days " in case more time is ^eded to acclimatize Trjinq , to d a 

h.gh-alt,tude two-week trek in one week is always fraught with problems * 9 



Avoiding of excessive exertion in the initial days 

Excessive physical exertion at high altitude makes one more susceotible to am<? it i* 

rexfmn^ 8 " 6 *F* at hi9h a,titUde " eSpecial| y in the ^S^^JSo 22 Jy fit 
to example marathon runners or those who carry very heavy backpacks JUL ™!1 

3£?£lf AM h % .° therS> probab,y because the^pushVemsXes ha'rdeM onL looked 
after a trekker who felt he cou.d not break his morning jogging sessions despite a strenuous 
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fi«er d 9roup head ' " 4 °°° m! Th6 ^ 0f ' man aflainst na,ure " ma V b * **r in this 
Avoiding alcohol 

Jim a rock star decided to "whoop it up" with four bottles of beer, on arrival at 3500meter S in 
tater. He had been warned not to drink alcohol on the trek, especially while ascendina Alcohol 

ss^jsrsE more importan,,y ■ de ~ u «^ss^C5 

Maintaining adequate hydration 

mK ^STE^ ( H b ° Ut 3 ' iterS 3 day) are necessar y in the mountains.- dehydration 
Sia sho^^ili * may £ V6n predis P° se t0 «■ 0n other hand excessive water 
drinking should also be avoided as this may lead to electrolyte imbalances. 

Maintaining a high carbohydrate diet 

A high carbohydrate diet aids ventilation and efficient use of oxygen The aood news k that in 



Drug prevention (prophylaxis) 



take diamox. the primary drug for prevention, and further details are given below A second 



remote: this can be life saving if HACE supervenes 

TREATMENT 
Descent 



Wherever, possible this has to be attempted. There is really no magic altitude to descend but 

dUrin9 inCreaSe ,ha thLTCS 



Oxyg n 



Lack of oxygen at altitude is the chief reason why people suffer from altitude sicknro sn 
breathing supplemental oxygen is obviously going to make a different SSTS^h^rt 
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SaX7« g*2S ° f " - When 

Drugs 

te ri St ed ^ * altitude sickness 
actually treats the problem It seemf t^wn^ k? mg d ,? es not mask the symptoms but 
excreted in the urine maWnc the 'blood Z^J^T^ 9 - the amount of a,ka,i (bicarbonate) 
which is the comen^SlSSiS^ the b,0od drives the ventilation! 

^fe^^SSE t Sett A 6 "' 09 f efore and COntinuin 9 for ^ree days 
suggested taking a ^2^L*!S£2£ ST* ^ * he BritiSh MedicaI Joumal 
has consistently been that 250 ma oer davh* ?{L exper,ence ,n the '"ten subcontinent 
just increase the side effects 9 P V * S be6n reward,n 9. while excessive dosage may 

fhum-ttpanjr donate" SEtSSS flaf ^ and face ( ca " ed 

vision. In most of the treks in Nepal SSil^tS? 8 ^ U M ,nat,0n: and rarelv > b,urrin 9 <* 
discouraged. Certainly in trekkers dev? on hLnl h 8 P ,° SSlble and P ro PWaxis tends to be 

AMS, then treatment TC^^K^tTSly ThTSSS^ ° ther Symptoms of 

about three days. 6 treatment d °sage is 250 mg twice a day for 

and works by 

times per day, and obvious irZororneXZX Z^Z? f ^ dosa 9 e is 4 m 9 three 
hyperbaric bag (See below) this Z "buv, W " h ,' n about six houre - Like *e 

problematic to descend Descent shouM h» ™JT as 1 f eclall >' at niaht when * ™>y be 
while «a"ngdexame,hasone?Se^ 

S^nSM Xrfa^t^n K**" « -n in coma wil, 

assistance. Many pilgrims at the annual faSST'o??? ma l eV ? n 1,6 able ,0 desce "« with 
HACE following a rapid rate of ascent S If ° osalnku , nd a lake in Nepal suffer from 
Mountain climbers alsoiometimes ram ihfe 1^ remarkably well to dexamethasone. 
cautiously, however, b-TK.^^S 

^n^^^'J* -^**,*r emergency usage in the 
KSe^ 

mg of long acting nifedipine f. sb fhourty "examethasone in HACE. The dosage is 20 

I. can cause sudden lowering of blood pressure so the patien, has «o be warned to get up 
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5£T ^ h - — to prevent 

The hyperbaric bag 

ling W n fl y '? n ; « -I* 0 * 7 feet ,on 9 a <> ■«*. like a 

a large sausage Shaped a lnVlT* I"**' f ° 0t J? Ump until " become * ll» 

inside, and It &s t^KTJSJ SEME SffoS^** UP 

JiW^iyi 2 ^^w^r*- 1 : bringin9 the patient 

for HACE) the changes are usua ly dramato within *n es P ec,al| y« ,n our experience, 
"rebound" tow or three hours aftartStS^ii^iS ' H ? Wever there ma y be a 
Just like the dexamethasone mS^^r^S^ n"* t0 get in the ba 9 a 9 ain - 
soon as possible. 9 V helpS to buy tome ■ Descen * is still mandatory as 

Hop] 

Other problems at altitude:- 
Periodic breathing 

seems to stop the med^ZSm ^LT^J^ ? he " brea,hin 9 slow « down 
makes the suffers wake up repeated^ 2 w 5 res P' ra "° n - « is only a problem if it 
remedy is Diamox 125 mgVefor dtne ^SSS^S^? d . Unable '° S ' eep ' An effec,ive 
that .rigger the problem. Steeping 01 Is shout be Sed 6 '° W ° Xy9en dipS durin 9 slee P 



Upper respiratory tract infections and symptoms 

upper respiratory tract infections SsXJL'KS? help many s,ud,es have shown that 



upper respiratory tract infections can predispose to AMS 
Peripheral edema 



^Xt^^^^^-*!^ a r s a, , hi9h alU,ude ' °"< «* ™y "0. 

AMS usually require no treltmeT V ympt ° mS ° f AMS ' These s without 

"X^Sru'/^ ha ™'- in which 

individual in a reclining position and ZZ^^he^ " ke keepi " 9 the 
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Travelers with pre-existing health problems; children, and birth control pills 

«£ ^J^ssKis^5^ t at high ai,i,ude due ,o »• 

blood pressure ca t go u te Pe ° pfe Who suffer fTOm 

take their medication 9 aS thls 13 we " tolled and they continue to 

e^K^ ° f ^ attack ' mo Vcaniial infarction) and 

high altitude pSKftSS angioplasty but with no angina, can trek up to 
do 9 es no, see^o a'dl %£tS£££ g." 90 ™* at low a '»"°*- ™e high al.itSde 

people should always JtoSS "tt^S&'ggSX. ^ 
KlJa^^-^^ and this may 

^ef^^ «*. ^nchia, asthma does no, 

asthmatics to carry inhalers and other med?r^„^K d ? XerC ' S6 ' However rt is P"* 6 ™ 
'«~emay*berno^^ 

S^r c f ncers like ,ymphoma - 

AMS because of danJaoetoC^BdhSi^tS? ,reatment ,™V be especially prone to 
sense oxygen and aid vlrtilation ' V ° rganS w " hln ,he carotid art «™s that 

«u^ 

^ortslgffi^ ^eratotomy, to correct 

caused by the low oxyqen Such n^nS chT,L 9 ' tUde due t0 swell,n 9 of their cornea 

high altitude. YQ Pe ° P ' e Should carry correct,ve len ^s as well if travelling to 

Pregnancy: Pregnant women should not sleeD hiaher than 1 9nnn* ^ 

fetus; a further problem is that hiah altitude n2L« o?f n as thls may endar >ger the 

more difficult to deal with 9 P 68 ™ generally remote - makin 9 emergencies 
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at high altitude. s * " ence 11 ,f best to use other forms of contraception 

Other dis ase risks 

so i« is important ,o be up to da ,e 
diarrhoea and its treatment and tfunSerS ft *"! hepatitis ' to know about traveler? 

Ma ,a ri a * no, .^KPS^M^tsS 

Conditions that mimic altitude sickness 

^^m^^^SST *™ r e " ™ ch — «° distinguish 

the brain (subarachnoid hSZSjf Ses dehvS'^ ^TT' such as 
problems like venous thrombosis. ' den >' dratlon and blood viscosity related 

Porters in the Himalayas 

has been provided with proper clothing. 
Conclusion 

With care,, precautions, your 

Hop] 
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APPENDIX A 

ACCLIMATISATION 



APPENDIX B 
Altitude related 
Medical problems 



APPENDIX D 

The first ascent Of Everest 
Without supplemental 
Oxygen 



APPENDIX C 
The effects of 
Altitude on 

Respiration 
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INTRODUCTION 

altitude** '""^f^ ,e,TeS,rii " elCTati0ns above 304to « ^ered to be a. high 

*™f ™ d (In * ' & Himalayas).* ^ ^ pressure in „ aircraft cabfa ^~ 

S^L"*** <* W^ximatdy ISOOn,* The sumnti, of Mt Everest, the hig^m on 

aph- - ' 

ability to perform physical exercise. 



earth, is 8848m (29 028ft) Bert nRl*\ *h™Z I J Mt ' * Verest ' the ^ghest P oint ° 

j f , om ^ y - UZ8tt > B ^ (1878) showed in a physics study that the effects of high altitude 
aeinmental to ability to oerform nhvsiral 



are 



°"«vec^^ 

partta! pressure of oxygen (P0 2 ) within a redueed barometne pressure at a given altitude > Ms 

JES?^3sr m ^ ta ,he envi^<>nmen, Md in body > is - - 

m the discus cou d all be exDected tn hp qp™ • 1 t« ^ i n*o * * ■ improvement 
world long jump recorS sfood for n^ly 25 years ^ Q * B ° b Beamon Set a 



The formula for ascertaining the partial pressure of inspired 



oxygen is as follows. 
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Tracheal P0 2 = (Pbar - 47)20.94xl00" 1 

(Where [P0 2 ] is assumed to be 20.94% of dry air and inspired gas is saturated with water vapour). 

P0 2 = partial pressure of oxygen. Pbar = barometric pressure. 

If a human were to be elevated to a point where Pbar = 47 (19215m) then according to above formula 
there would be nothing but water molecules in the trachea! 2,5 

Fig 1 0 Barometric Pressure (standard atmosp here ) a n d eq uivalent tracheal PQ 2 »t 

increasing altitudes 

(Tracheal P0 2 = P0 2 after inspired air is saturated with water vapour at 37°C) 





ALTITUDE 


ALTITUDE 


m 


ft 


Pressure 
mm Hg 


po 2 

Trachea] 

air 
mm Hg 


m 


ft 


Pressure 
mm Hg 


po 2 

Tracheal 

air 
mm Hg 


0* 


0* 


760 


149 


5500 


18050 


379 


69 


500 


1640 


716 


140 


6000 


19690 


354 


64 


1000 


3280 


674 


131 


6500 


21330 


330 


59 


1500 


4920 


634 


123 


7000 


22970 


308 


55 


2000 


6560 


596 


115 


7500 


24610 


287 


50 . 


2500 


8200 


560 


107 


8000 


26250 


267 


46 


3000 


9840 


526 


100 


8500 


27890 


248 


42 ! 


3500 


11840 


493 


93 


EVEREST 

8848 • 


29028 


232** 


38.5** 


4000 


13120 


462 


87 


9000 


29530 


230 


38 


4500 


14650 


433 


81 


9500 


31170 


214 


35 


5000 


16400 


405 


75 


10000 


32800 


198 


32 


kO 1 ai r/-»l 


19215 


63000 


47 


0 



** 



Subject to fluctuations of approximately +/- 2%, due to weather and environmental factors 
Fi 8 LI The Oxvhaemog lo hin dissociation curve 

The solid line represents 0 2 binding affinity to the haemoglobin molecule at standard 
temperature (37°Q and pH (7.4). The dashed lines represent hypothetical shifts in the curve: to the right 
with increased 2,3-diphosphoglycerate (2,3-DPG) levels or decreased temperature or pH; to the left wlm 

t e H?^i 2 t' 3 " DPG °\ ^T 3 *? tem P. erature or P H 23 < the relationship between 2,3-DPG and altitude 
acclimatisation is explored m the section on long term adaptations to altitude). 



http://www.bluesuit.ukgateway.net/altitude/altitude.html 



SPECIAL TOPICS - Report / Wcise at Altitude 



Page 3 of 21 



125 



Due to the S-shaped nature of the oxyhemoglobin dissociation curve there is only a small change 
m % oxygen saturation of haemoglobin (%Sa0 2 ) as altitude increases until an altitude of 3048m is 
reached. However, aerobic activities are altitude sensitive. In endurance events at the Mexico City 
Olympics, performance was relatively poor. The winning time in the 10,000m was 2mins slower than 
the world record. Although haemoglobin is still approximately 90% saturated with oxygen at 1981m 
(Mexico City is at 2300m) this change is enough to significantly reduce extended aerobic 
performance. 12 An elevation of 4300m signifies a 32% reduction in aerobic capacity. 4 At 5486m 
(highest human settlements) %Sa0 2 has been shown to be 73%. 30 The P0 2 at this elevation is on the 
steep part of the curve and further increase in altitude brings about large decreases in %Sa0 2 . Research 
has shown that the % Sa0 2 at the summit of Everest is 58% 27 (Messner and Habeler ascent of Everest 

without supplemental oxygen 1978 and 1980) and V0 2 max equivalent of sea level value of a 70-80 yr. 
9 23 

old man. • An unacclimatised individual on top of Everest would become unconscious and die in 30- 
40 seconds. 2, 23, 27 

In order to appreciate the benefits of altitude training, it is necessary to understand the 
mechanisms of human kinetics, the physics of low-pressure environments, and the physiological 
changes bought about in the body by exposure to altitude. 

This work examines the physiological consequences of ascending to altitude, both short and long 
term, with particular and specific reference to Mt. Everest expeditions (extracts from documented 
expeditions are contained in the Appendicies). The effect of altitude on aerobic exercise performance is 
reviewed, and reference made to previous research and athletic events. This review also examines results 
of earlier scientific studies which have shown that exposure and acclimatisation to altitude, 
unequivocally benefit aerobic exercise performance at altitude. The question is, do these benefits 
translate to performance at sea level? 

Acclimatisation 

For a detailed review of physiological reponses to short and long-term exposure to altitude refer 
to a ppendix A. 




Partial pressure of Q* (mm Hg) 
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higher altitude is progressive, and time is required for full acclimatisation 2 - 15 > 23 F„11 ^i,, J ♦ . 

Altitude-relate d medical p rnhlgmg- 

refer to^^f ^ ° f altitude ^ medical conditions, and current treatment protocols, 

Aerobic capacity is not noticeably altered until altitude exceeds 1500m. 8 - 26 Thereafter VO max 
decreases linearly at approximately 10% per 1000m increase in altitude 8 > 23 At an altitnrfe «f «a» 2 
VO.max.s approximately one-half of sea level. Research has shoJntat artS^^^T* 
simulated altitudes approaching the summit of Everest VO.max was reduced by approximately 1*% 
from 4,13 L.min-l to 1.17L.mm> (or 49.1 ml.KgW to 15.3 ml.kg- W').^ These values 
correspond to an energy power output of approximately 50 watts.mm 'on an exercise cycle IOmeter. 

Even after months of acclimatisation, V0 2 max remains significantly below that of sea level This 
is because the benefits of acclimatisation are offset by a reduction in circulatory efficiency. 6 - 12 - 13, 14, 34 

AltitudeJigimng and sea-level p erform*^- 

also excelled ^^^S^^^^ JT^fi * "** did ^ ^ 
questions in sports science "Ml 2Sf r v 86 ^P* 18 P rovoked °ne of the most asked 

IT «r leve1, v ° 2 r had tocreased *- 3a - Mta "' to 3 - 75Lmi -" a^X^. 
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nii z rtr ■? crover a ° d Reeves <i,<7) ,ook 5 *• ^ - <— 

them for 20 days a. 3100m. Results showed a decrease in V0 2 max in 4 of them „„ return to sea level .» 

Aerobic capacity return tn 

from altttudeM «. 23, It can be ^ ^ ^ ^ a ^ ^ 

certainly not enhance performance at sea level 2 > 23 A r ,H,w T (SV) WOuld 

benefits obtained fronfan incase in red blood cell m^ZZ^Z^^ (Q) W0Uld ° ffset 
to normal within a few weeks of rem™ tn i ( ^ C) ™ SS - ^ h °ugh circulatory function returns 

adaptations. 2 - 23,11 29, t ^ t0 "* ^ S ° d ° * e P otentia »y P^ve haematological 

Nutrition at alHt»^ e: 

ensure the ndividual stavs adeauatelv WHra^ a 3? « ^ Care should be taken to 

benefic al at alttt»de.^ ' 31 More energy is liberated per CHO molecule than per Lipid moLe 
5.0Kca, energy from CHO Vs 4.7Kca, from lipid per litre 0 2 >* Furmeretore, high le Js ortu lg 
hpid can reduce %Sa0 2 . 7 > 8 ' 3 1 

Previous r esearch; 

manyjre7m^r^;r^ 

A cenfro. group 0 f 6 similar athletes £ZT mm , £J8 £££ ,f T °, ^ * ,850m ' 
difficult to show significant difference iZ^^L^S^mS^^ f> 
ntto 2 group, , group was studied a, sea .eve!. £ „L ^nl^^ilZ^ 
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significant improvement in both groups 36 

There are important variables in study design that may influence the outcome, and therefore the validity 
of the results. Some of these are as follows. y 

• For observations to be relevant to performances in top class athletes, the subjects should be top 
class athletes. It is difficult to conduct research in which the athletes are used as their own controls 
as they are expected to be in peak competitive condition on two separate occasions within a short 
timeframe. 

• Subjects should be randomly assigned to altitude or sea level training groups 

. The optimal duration at altitude needs to be classified. Two, three, four or more weeks'? ■ 

• What is the optimal altitude at which training should occur? Below 1800m will not have 
sigmficant physiological effects. Training above 3000m will decrease performance. It is possible 
tor athletes to become "detrained" while "training" at altitude. 

• How long should be left between leaving altitude and competing at sea level? 

. What is the optimal pattern for tapering? When, where and for how long should training be 
decreased prior to competition. w 

• The need to acclimatise to heat or cold, as well as altitude. This was a particular problem for 
endurance athletes at the Barcelona Olympics 

CONCLUSION 

1( , . Th f Mexico C *y OlWics demonstrated that to perform well in aerobic endurance exercise at 
attrtode .adequate acclimatisation is vital. Better still, be born and raised at altitude. The suggestion that 
altitude training benefits sea level performance is theoretically sound but remains to be explored fully 
There is no unequivocal scientific evidence to either support or refute the claim. Endurance performance 
requires optrmal integration of all aspects of the oxygen transport chain that are stimulated at altitude If 

*£^n T* ° CC u f" ng ! ltih ! de then Why d0 the man y studies conduct «i not reinforce the 

theory? Is it the result of altitude related reductions in maximum heart rate and stroke volume? Do the 
previous research shortcomings obscure the answers? 



APPENDIX A 

ACCLIM A TTSTION - THF, PHYSTOT .fif.ir A L CONSEQUENCES OF AT TITTTlW 

EXPOSURE 

The compensatory responses to altitude exposure can be grouped into immediate responses, and long 

term adjustments. 

Immediate Responses 
Hyperventilation 

The first and most notable adjustment to exposure to altitude witnessed in the unacclimatised 
lowlander is Hyperventilation. Peripheral chemoreceptors in the aortic arch and carotid arteries in the 
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neck are stimulated by a reduction in arterial P0 2 below 60mm Hg. This equates to an altitude of 
2000m. Inspiratory activity rate (alveolar ventilation) is increased and alveolar P0 2 rises. Consequently, 
oxygen loading occurs in the lungs. This process is termed "The Hypoxic Drive". The greater the 
hyperventilation, the more alveolar air resembles inspired air. Research has shown that mountaineers 
who respond with a stronger hypoxic drive are better able to perform aerobic exercise at extreme 
altitudes and can reach higher altitudes than those individuals with blunted ventilatory responses. 

Increased cardiovascular resp onse 

It has been shown that in the early stages of altitude adaptation submaximal exercise heart rate (HR) 
systemic arterial blood pressure (BP) and cardiac output (Q) increase by 50%. Increased Q can offset 
decreased %Sa0 2 to a certain extent. A 10% increase in Q negates a 10% decrease in %SaO,. 14 ' 26 > 32 > 
34, 39 ' 2 



Figl.2 



Comparison of 02 cost and relative strenuousness of submaximal 
exercise at sea level and high altitude 
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The above chart shows the oxygen cost of submaximal exercise at 100 watts on a cycle 
ergometer remains unchanged at 2.0L.min- 1 at sea level and altitude but relative strenuosness will be 
higher at altitude (50% V0 2 max at sea level = 70% V0 2 max at 4300m). 26 The increase in BP has been 
shown to be related to increase in urinary norepinephrine secretion stimulated by sympathetic nervous 
system activity. Epinephrine (Adrenaline) levels remain unchanged. 13 ' 38 In effect, resting HR increases 
and max HR decreases, moving them closer together. 2, 23> 26 



Longer-Term adj ustments to altitude 
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Hyperventilation and increased submaximal exercise Q enable a rapid adjustment to the 
challenge of acute hypoxia. There are other, slower acting adjustments thaf iTwttngeXs at 

Acid-Base readj ustment 

Exposure to low P0 2 initiates hyperventilation in an effort to increase alveolar PO, This has the 
effect of decreasing alveolar PC0 2 . It has been shown that during prolonged stays at altitude. PCO, falls 
as low as 10mm Hg. C0 2 exists in large amounts in the body as carbonic acid (H 2 C0 3 ). Carbonic acid 
dissociates into hydrogen ions (H+) and bicarbonate ions (HCO3-). In the pulmonary capillaries, H + and 
HCO3- recombine to form H 2 C0 3 . Carbonic anhydrase catalyses a condensation reaction producing 
H 2 0 and C0 2 . The C0 2 then diffuses into the alveoli and is expelled from the body in the form of 
respired C0 2 . The result is increased alkalosis of the blood. This is gradually compensated for by a 
decrease in blood bicarbonate (achieved by the kidneys excreting base HCO3- through the renal tubules) 
and restoration of a normal pH occurs in an acclimatised person. The restoration of a normal D H 
increases the responsiveness of the respiratory system and allows ventilation to levels 
thus adjusting to altitude hypoxia. 2 ' 1 8 > 23 > 25 > 26, 32, 38 0 mgner ,evels ' 

"The Lactate Paradox", Reduced Buffering Capacity. 

The mechanisms of acid-base readjustment result in a depletion of total bodv alkaline level, 2, 25 
Consequently, the acid buffering capacity of blood is compromised and me JriticaflevdlTacM 
metabolite accumulation (lactate threshold) is lowered. It has been shown that n StaSSL«» 
(Bla) concentration levels are significantly depressed at altitudes exceeding 4000m. 20 > 26 > 32 

Figl.3 
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pa] in one subject at sea-level, 2300m and 4000m 
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acco.npa.ed by « in V0 2 ma* or increase in 0 2 delivery ,„ 

blood, which occurs after altitude acclimatisation. 20 "tyoiine 

HaematojogicaJ changes 

.o a„ itU de c rirssr raost ~ '~ 

Decrease in plasma volume 

^ Upon exposure to altitude the body's fluid balance is altered due to stimulation of the 

fluid shift from intravascular space to interstitial and intracellular soace 7nH 2 ™ I./ 
&S„^ataT4^^ 

■ ,. ... ™ ™ a lwlt slay at 4300m caused a 25% decrease in plasma volume, a 20% increase 
m haemoglobm and a 6% increase in haematocri,'. «. % 0 SaO 2 increaaes si^ncanny above v" 
observed on amva, a, alrirude. It has been ahown tbat mesa plasma volnme shifts are accnmparied by an 
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increase in diuresis, so osmotic balance is maintained at a lower total body water content in the 
acclimatised individual. 23, 25 ' 30 > 31 > 32 

Increase in RBC mass 

The reduced arterial P0 2 concurrent with altitude exposure initiates a condition termed 

Polycythemia an increase in total number of Erythocytes. 25 Polycythemia is mediated by erythropoietin 
(EPO) secreted in response to hypoxia from the kidneys. Erythrocyte production in long bones increases 
considerably over a course of weeks. Studies have shown that the rate of increase is curved in nature, 
rapid at first, tapering as time passes. 17 - 18 > 24 > 25 - 28 - 3 ° In a 1973 Everest expedition, a 40% increase'in 
haemoglobin and a 66% increase in haematocrit was observed in climbers acclimatised at 6500m 16 > 23 
It has been suggested there is an upper limit of [RBC] as increased blood viscosity could hinder blood 
flow and 0 2 diffusion to the exercising cell. 15 - 23 > 33 Furthermore, links have been suggested between 

high levels of EPO and pulmonary oedema. 15 - 20 - 33 Polycythemia directly translates into an increase in 
the blood s capacity to carry oxygen. Acclimatised climbers have been measured as having a blood- 
oxygen carrying capacity of 25 to 31ml of oxygen per 100ml of blood compared to 19.7ml in lowland 
residents. 16 - 18 Research has shown that there are markedly fewer haematological changes in women 
than men during acclimatisation, possibly due to iron-deficiency anaemia (iron is essential to the 
formation of haemoglobin). Women given iron-supplementation showed higher pre altitude haematocrit 
and haemoglobin levels than a second non-supplemented group. When their acclimatisation curves were 
plotted against those of non-supplemented women, it was shown there was a greater haematocrit 
increase in the supplemented group. 17 - 23 Gender differences in acclimatisation is a topic worthy of 
further research on its own, but these findings generally indicate that athletes of either gender who have 
borderline iron stores may not respond to acclimatisation as well as those who arrive at altitude with iron 
reserves adequate enough to sustain an increase in red blood cell production. 

Cellular adaptations 

Permanent residence and long-term stays at high altitude have significant impact on all aspects of 
the oxygen transport cham. It has been shown that capillaries are more concentrated in the skeletal 
muscle of mammals bom and raised at high altitude compared to sea level. 37 Furthermore, the activities 
of oxidative enzymes are enhanced with long-term exposure to altitude. 28 - 29 > 30 Muscle biopsies from 
humans residmg at high altitude have shown a 16% increase in myoglobin as well as an increase in 
mitochondria and concentration of oxidative enzymes. 18 - 29 > 36 These adaptations increase 0 2 storage in 
skeletal muscles. Natives of high-altitude display a shift to the right on the oxyhaemoglobin dissociation 
curve due to an increase in levels of the compound 2,3 diphosphoglycerate (2,3-DPG). 2,3-DPG binds 
reversibly with haemoglobin, causing it to have a lower affinity with 0 2 2 > 18 >' 23 - 25 The result is an 
enhanced unloading of 0 2 from haemoglobin to the cell. This would place the individual in a 
physiologically favourable position with regards to performing aerobic exercise at high altitude. 23 - 28 
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Altitude related medical problems 

ACUTE MOUNTAIN SICKNESS < 15 ) 

The most common form of altitude illness is a constellation of symptoms known as Acute 
Mountain Sickness (AMS). 15 It is known that exposure to altitude causes AMS, although there are no 
laboratory tests to identify AMS. Useful clinical criteria are the presence of at least three of the 
following seven possible symptoms: headache, nausea or vomiting, sleep disturbance, dizziness, 
shortness of breath, anorexia, and fatigue. 

Headache leads the list of complaints, with 70% of visitors above 8000 feet suffer from at least 
mild headache. 7% of visitors describe severe headache, throbbing and bi-temporal in nature usually not 
responsive to over-the-counter medications. 

The second most common complaint is sleep disturbance. Over 30% of people going above 
8,000 feet note difficulty sleeping. Possibly secondary to periodic breathing (Cheyne-Stokes 
respiration). This symptom is very disconcerting to the traveller spending the night in a strange hotel 
room who may awaken with the sensation of not breathing. 

Fatigue is the third most common complaint voiced by AMS sufferers. The fatigue is more 
severe than can be explained by the previously mentioned insomnia, and occurs in 30% of visitors to 
high altitude. 

Shortness of breath and dizziness ensue in equal numbers of patients, both occurring about 20% 
of the time. Most will notice increased dyspnea with exertion, but dyspnea at rest may suggest increased 
seventy of illness. 

%Sa0 2 measured by pulse oximetry is a very useful tool in evaluating altitude illnesses. Even 
though the patient may complain of significant shortness of breath, the Sa0 2 is within the normal range 
or at most minimally reduced. At 9000 feet %Sa0 2 measurements between 85-95% are common! 
Measurements below 85% imply more serious impairment of oxygen exchange than is seen with 
uncomplicated AMS and should prompt further investigation. 

Nausea and anorexia are less common complaints, occurring in less than 5% of cases. This 
symptom can be merely a loss of appetite or may be severe enough to impair adequate fluid intake. 
Vomiting indicates more severe illness and also can lead to significant dehydration. 

Acute Mountain Sickness has been reported to occur in 17 to 24% of those who travel from sea 
level to above 8,000 feet. Research has shown that higher altitudes increase the incidence of symptoms 
with 67% becoming ill at 14,000 feet. The illness usually begins within 4 hours of arrival in 60 % of 
those affected. On occasion the onset of symptoms may be delayed for two to three days. Onset of 
symptoms after more than a week should call the diagnosis into question. AMS is generally a self- 
limited condition spontaneously resolving within three to four days. Still, the patient is often miserable 
until resolution occurs. The presence of ataxia indicates progression to more serious disease. 

The rate of ascent to altitude is an important determining factor in who gets sick. Some may have a 
predisposition to altitude illness, possiblty connected to low levels of iron, suffering with each visit 
though many will not have a recurrence. Predicting who will get sick is not possible. AMS occurs with 
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equal frequency in males and females, and children often suffer from the malady. Older persons may 
actually be less likely to develop AMS, perhaps because of reduced activity levels. Excellent physical 
conditioning does not seem protective. 

Various treatments for AMS have been employed in the past, usually based on anecdotal evidence In 
studies at high altitude acetazolamide has been reported to be helpful. Acetazolamide is a carbonic 
anhydrase inhibitor whose mode of action is thought to be increased urinary excretion of bicarbonate 
resulting in a metabolic acidosis which stimulates respiration. Unpleasant side effects of acetazolamide 
such as tingling of the fingers and around the mouth and alteration of the taste of carbonated beverages 
may limit patient acceptance. The incidence of these symptoms may be decreased by prescribing smaller 
doses than previously recommended. One half of a 250-milligram tablet taken twice a day beginning the 
day prior to ascent and continued for the first 2-3 days while at altitude is usually adequate 
Acetazolamide should not be used by people with a sulfa allergy. 

Dexamethasone may act by inducing a non-specific state of euphoria thereby allowing the patient to 
tolerate uncomfortable altitude symptoms. It does not promote acclimatisation and should be reserved 
for severe cases until descent is possible. The initial dose is 8 mg. followed by 4 mg. every six hours. 

HIGH ALTITUDE PULMONARY OEDEMA < 33 > 

^ a A ^ r ^ eVere ' P° tentiall y life threatening form of altitude illness is High Altitude Pulmonary 
Oedema (HAPE). HAPE is a non-cardiogenic form of pulmonary oedema occurring with an incidence 
ol less than one percent. For reasons not well understood, some individuals develop severe pulmonary 
hypertension upon short term exposure to altitude which has been hypothesised to cause a pressure 
induced fluid leak into the alveolar space of the lung. 2 > 15 > 23 > 25 > 33 > 38 The flooded capiUaries preyent 
adequate oxygenation and a spiral of worsening hypoxia and increasing pulmonary hypertension ensues 
The x-ray picture of HAPE is unilateral or bilateral fluffy infiltrates without enlargement of the heart. 

, , c ,? APE ' Unlike AMS ' is much more likely t0 affect y oun § health y maIes > with one study reporting 
a 13-fold increase m nsk for that group. Children can and do get HAPE and are susceptible to a peculiar 
lorm that strikes the resident of altitude on return from a brief sojourn to lower altitude. 

The typical HAPE victim is a healthy male in his twenties who arrives above 8,000 feet and 
mimediately begins heavy physical exertion such as skiing. He may or may not have symptoms of AMS 
but within 24-48 hours of arrival begins to develop increasing shortness of breath and a non-productive ' 
cough. Believing he has an upper respiratory infection he may try an over the counter cold remedy 
without improvement. Usually by the third day at altitude the symptoms are severe enough to warrant 
seeking medical care: significant dyspnea, . cough (usually dry but occasionally productive of white or 
pink frothy sputum), headache, and ataxia. Increasing hypoxia may cloud judgement and unless the 
victim descends or seeks medical care death may rapidly follow. 

Treatment for HAPE is dependent on available facilities and experience. Descent to a lower 
altitude nearly always brings on dramatic improvement. If descent fails to rapidly improve the patient's 
condition the diagnosis should be reconsidered. However, descent is not always necessary provided 
adequate facilities are available for observation and oxygenation. Many HAPE patients in Summit 
County, Colorado remain at altitude for treatment, with moderate cases treated with oxygen therapy in 
the clinic or even the hotel room. A few days of oxygen therapy and rest may allow resumption of 
recreational activities. 

Drug therapy of HAPE has not been very successful. Therapy that works well for other forms of 
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in life f «f E Di -«cs have not proven to be beneficial except 

theoretical co7^^Z^X^ S "V"* f ° T ,reataent of ^ 

be helpful. The nw^XSSSS^ 1 ^ ° f * ^ SUggeSt * ^ not 
decreasing the bypaS^m*™ vSSZS Tff f^ 68 ? n]monar y hypertension thereby 
disorder. A Bgh^StS?^^^ f T for improvcd medical ^py of the 
descent and can be Hfe sSg in to^STSSSf" ^ aU ° WS f ° f sim "^tedaltitude 

available. 8 mstances where actu *l descent is not possible or oxygen is not 

HIGH ALTITUDE CEREBRAL OEDEMA^) 

^aXc^^TZZt^^l " 3 C ° mpara tiVdy ^ C ° m P lication ° f ^el to high- 
HAPE. Severe heShe atoia Z coSon 17 1 80 ,S ° lated entity but ^ be seen 
patient refuses to m^f^^^^^^J^^r Lassi ^e is often such that the 
increase altitude but can <hx^O^^^^\ ^">?f* ureases in incidence with 
the only known appropriate treatment Dex^e^ot ' fT "* ^ fl ° W 0X ^ en « 
Early symptoms are similar to HATC SHut bLo^ ? £Ste 38 em ^ncy treatment., 
dysfunction, loss of co-ordinationWalvli^o; one * Vm T dlSrUpti ° n ' bIadder ^ bow *l 

occurs due to increased h2S^Z^^3tS^ f 5 & ^ COnfllsion - HACE 

elevatedhydrostaticpressure^ 

AMS symptoms and increases svmnathetir n™™ ? St0ItS bram structur es, exacerbates 

RETINAL HAEMMORRAGING^ 35 ) 

and ce re ^Sr« "> *»- * » surges from exercise 

haemorrhage occurs to the macu,a 0^1^™^"^ ^ ^ md 

HIGH ALTITUDE SYNCOPE < 15 > 

and patients usually deny 4 PrioTLX o^ s ™°Z ™ a '' MalK a " d females » e *' 
and ean take place followiS fa meal r°° pe appears t0 be """"^ « nature 
though the patient may S3 some STfZ7 W,lh T f ertlon - Spontaneous recovery is rapid 
and the patient may contaeT vacS wrth™ t S, he T COpe is 8 e "^«y a single episode 
of the syncope, JiurtherlSn^t la^l™ *** *" "* 2 MUSe 



APPENDIX C 
The Effects of Altitude on Respiration 

Levels of Altitude 
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Altitude is generally defined on a scale which: 
High = 8,000-12,000 ft. (2,438-3,658 meters) 
Very High = 1 2,000- 1 8,000 ft. 
Extremely High = above 18,000 ft. 

limit a nH th^ de inCreaSeS £r High t0 EXtremely High ' ^ ™V"*°ry ^em gets pushed to the 
hrmt and the body is susceptible to more complications. This is the case in extreme mountain climbing 
The following paragraphs will outline various effects of the Everest altitude on the body and mmd! < of 
climbers. Diary excerpts and actual recorded transcripts from expeditions are included. 21 - 38 

Climbing Mt. Everest 

wi. J^" 0 *?? expeditions » ver y similar - The path taken by both of the expeditions was up the 
Southeast Ridge of Everest using similar base camps. Vffle 

Expedition 1 

five mP !fi!! 6XPed *?" ? April ° f l9% - Unfortunat ely the expedition ended in tragedy as 
five members of his team, including him, died during a storm near Everest's summit Jon Krauker a 
nupns member of Hall's team, recounts in his book Into Thin Air the many hardship^eTd^ing 

Expedition 2 

Hair, T^fiii5 ter ' ?K aYM Bra ? hears ' a Participant of the previous expedition (although not on Rob 
Hall s Team) led another expedition up Everest. He returned to film an episode for NOVA (Everest- The 
Death Zone), which explored the effects of altitude on the body and mind ( 

Base Camp (17,600 ft.) 

™Hna B fi h f pediti ° ns mak e several trips ascending and then descending between camps before 
making a final summit push. This procedure allows the body to acclimatise to the higher altitude. 

Expedition 1 

n »„ p J ° n K ™? 6r>S b ? dy had n0t yet foUy acclimat ised. He was moving towards Camp I at sluggish 
pace. For every four to five steps he took, he had to stop, lean against a rope, and take a deep brefth 

Expedition 2 

t . t Vl 0 ^ 0 ^ climb > David Brashears and teammate Dave Carter underwent various cognitive 

SES^F"? ftS**? add i ti ° n ' BraShearS USCd 3 P ulse oximeter t0 his pXe 1 bfood 

saturat on level At Base Camp, his blood saturation level was 7 4 o/ 0 (100% is expected arounTsea level) 
and pulse was 85 beats per minute (60 per minute at rest is normal for sea level) } ' 
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Camp I (19,500 ft.) 

Expedition 1 

coug^^ was sibling, and 

His only chance of survival was rapid descen^o^! 2 ^ ^ Pulmonar y Oedema (HAPE). 
because rapid descent ^^JT^^IT' ^f" 8 W3S p,aced into a Gamow ***** 

ts^^vm^^S^^^T severaI days ' evacuation heIic °P ters 

concentration of oxygen moleculTn^Zl^a^ g " pm * ed With air ' leasing the 
After being enclosed for uptolhrs ^^^^T^ t Pn ^ mdP ° 2 °f l ™<* "^de- 
descent. F ' V cnemstr y homeostasis returns to more normal levels, enabling 



Expedition 2 



in0 2 saSnt^ 

^££^^^J^^*g — c 1 by an expedition doctor, it was 
Later helicopters evacuated him to £Z levef ^ ^ qU1Ck,y placed into a G ™™ bag. 

Camp II (21,300 ft.) 

Expedition 1 
Expedition 2 

A cognitive tet was given t0 Brashears. He was asked the Mowing question over a phone: 

i*e^otS^^ 

Brashears mental skills were still normal. 

Dave Carter's oximeter reading showed a 60% saturation level, and pulse of 140. 

Camp III (24,000 ft.) 

Expedition 1 
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rjApp ?* le ^ not ° n Hall ' s team > ha d developed High Altitude Cerebral Oedema (RACE)* 
^rffiS^^^ 1 - de r^-yge, Suddenly^elS fluid 
declined moto?and m^X Fo tt-^T m ^ SkU "' Victims mder *° a ra P id 

from others. Fortu^atdy Sier ^S^TSn^? ^ ^ 6quip ^^ithout help 

^veraldavsatB^ 
MALL does not occur as often as HAPE 

rfb Krauker developed a high altitude cough. Every time he coughed, he was a. risk of cracking a 
Expedition 2 

In a cognitive test, Carter was asked to repeat the following statement: 
Stamen,: "The video camera captured the bank robber, during daylight robbery of the Firs, Avenue 

£t <£*■ " The Vide ° Came,a CaPtUred ' he ^ bank »f the First National 

Now Entering the Death Zone 

n^££&2££ n £ !£SE," -P"* W The ° f "Oration is 

supplemental o^gtifaCo SiTS,'^ " ?? n,ta - to * 
the risk for HAPE HA CF an H «iw proceed higher. If supplemental oxygen is not used 

impossible. ' ^ S1CKneSS6S mCreaSeS - 111 the Death Z <™> acclimatisation is virtually 

Camp IV (26,000 ft.) 

Expedition 1 

OXygenat 29 > 00 °fi- feeling of being at 26,000 ft. without oxygen 

Expedition 2 

Once again Carter was asked to repeat a sentence. 
Sentence: Td lived by the river for 20 years, and only twice before in all those years has it been this 

Carter's Reply: "Ed lived bythe river for 20years, and this was the. .. the first time it had been this 
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high. Oh, boy 



^SS^lSSS "ff °" t0P °u m0Unt EvCTeSt Sh0wed 78% ox yS en saturati °n ^ his blood. This 
relatively high level saturation was obtained through the use of supplemental oxygen bottles. 

Even with the oxygen bottles, breathing was still difficult for Peter Hackett, another member of 

t Tv, Pet6r ^ attribUted *** t0 "™ e heart rate at rest beconiing higSer^nd Wgher [At 

to same time] the maximum heart rate becoming lower and lower, and as you go lusher Aose^o Let 
closer and closer together. [Eventually] You can't do any more physical work." § 

The Summit (29,028 ft.) 

Expedition 1 

team Everest summit on * e afternoon of May 10, 1996. Unfortunately his other 

team members were caught m a storm. The storm caused five deaths and left another team member 
heavily frost-bitten. Research has shown that one-in-six climbers attempting the s^it^f EvSdie. 

Expedition 2 

After safely reaching the Everest summit, the team headed back to Seattle to undergo final 
evaluations. Data collected from the expedition showed, as expected before Jex^fo^a decline in 

SS? TT ° n T\ m r 1 ? 386 in altitUdC - Gail Rosen °aum, who was in charge o revlwl Ae 
cognitive tests, said in hmdsight, "And had we had those numbers [Carter's scores on his Ste testsl 
available, we would probably suggested that you might not continue " j 



APPENDTX D 

The first ascent of Mt. Everest without supplemental oxygen 

ZZT^ TZ a SiHg J e narr ° W gQSping lmg > fl° atin S °™ the mists and 
summits. Reinhold Messner, Everest 

Climbing Mount Everest, the tallest mountain in the world, was a challenge that eluded scores of 
g-eat mountaineers until 1953, when Sir Edmund Hillary and Tensing Norgay fi"ft reached l Zt 

°r/*t n ? ?r decades ' more ,,firsts " fo,lowed ' iSdin * the fi« «cS?f ^£SS3o 

ascent the first traverse (up one side of the mountain and down the other) and the first decent on Ids 

s^%s^ i r on bottied oxygen to acweve their ***** ^ ^ 

r t' T 1 ^,* 6 1920s ' mount ain climbers debated the pros and cons of artificial aids One 
George Leigh Mallory, argued "that the climber does best to rely on his natural ab Ses wWch warn 

S^tZT^f? bounds of ? s strength - with aids ' he ^ 

Srf h I EPSe lf the apparatUS fails " The Philosophy that nothing should come between 

a climber and his mountain contmued to have adherents fifty years later. 
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h»A J" 197 ° S ; ° f itS stron 8 est Proponents were Reinhold Messner and Peter Habeler Messner 
^achieved constable notoriety by completing a series of spectacular alpine rock dkS^flSJS 

Ze5 hf ^, 6Ct r P !f I 1 " 1974, MeSSner teamed U P ^ Habeler > a quiet Mayrhofen guTo^who 
shared his philosophy, and the pair proceeded to take the climbing world by storm Agile mi , Sof 
build, they scaled the Matterhorn and Eigerwand faces in record time. In 1975, ftey m^emafkaole 

ToTtf !/ " the WOrld ' Gasher brum, without using supplemental oxygen By 

1 978, they had set then- sights on climbing Mt. Everest - without supplemental oxygen. 

Hi mh ;™ ? d ? abe,er quicWy f0Und themselve * *e subject of criticism by members of both the 
chmbing and medical communities. They were labelled "lunatics," who were placing SSSwS risk 
for severe brain damage. The physiological demands of climbing Everest had been smdTed on mcv^us 

JS t0 . b H ?T me; ™ 1960 - 61 ' tests cc " on «^^SSSSZ 

Sir Edmund Hillary concluded that oxygen levels at the summit of Mt. Everest were only enough to 
support a body at rest - and that the oxygen demands of a climber in motion wo^cJSWfcS 

tu DeS 5! t l the con 1 trovers y' Messner and Habeler continued with their plan. They would climb 
together with the members of the Austrian Everest Expedition into the Western Cwni StoSa 
their own separate attempt for the summit. The teams arrived at Base Camp in Mu^h oT [97 anTTrLt 
S*" eStabHShin8 3 ^ f0Ute thr ° U8h the IC6fa11 ' erectr g P clpsTv 

Face on M /^^^£*J^?^ bCg " n ° n Aprfl 2L ^ reached Cam P 111 ™ *e Lhotse 

I P ?" u * mght> Habder b6Came Vi0lentl y iU with sus P e *ed food poisoning Messner 
decided to continue his ascent, without his debilitated partner, and set off with two ShemasX next 

T^n^T reaChmg the , S ° Uth Co1 ' the *«* climbers were s »ddenly trappS inSnt stom 
They battled temperatures of -40 degrees Fahrenheit and winds of 125 m p.h for two mil davs 

wfvTnm' ° m ^ 88hn u 8 , With / t0m t6nt "* S6Vere hun S er ' eve * M-sner la^rntt d to beheving 

sss s c~dX s e r ess " Finally ' a break m the weather enab,ed the shak ~ 

rem^rT* 1 ^ Habeler sed makin g «» more bid for the summit. Habeler had begun to 
reconsider the use of oxygen, but Messner remained steadfast, declaring that he would not u'Toxvsen 
nor chmb with anyone who was using it. He believed that climbing as high as polsfofo ^tom SSL" 

now reaching altitudes where they could expect to feel the effects of oxygen ^5^^^! 
Habeler had agreed on carrying two oxygen cylinders to Camp IV, in case of J ^e^ergencT^hS 
also made a pact to turn back if either person lost his co-ordination or speech 6mergenCy ' 3nd had 

The next day it took them only three and a half hours to reach the South Col (7986 meters^ 
where they camped for the afternoon and evening. Habeler complained of a headachi and division 
on the chmb up, but felt better after resting, even though both men frequently woke uplom foek nans 
gaping for air. They forced themselves to drink tea, hoping rehydratfon would ^£%^J£ 

At 3 am on May 8, the two woke and began preparing for the day's attempt on the summit. 
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h— t S ' mp ^ gettin8 dressed l00k lhnn two hours - The whaler was questionable but thev decided to 
nSSS ""hT r i0US ' Pair bega " "*« * — eat'" 

Mess ner and Habeler now faced exhaustion unlike any they'd encountered before Everv few 

k » ^l 011 r6 f ^ the S ° Uth Summit ' ^ P^ 1 r °P ed themselves together and pressed on The wind 

Thevtd 8 Tl ? ^ th 7 ^ 3 break " * e Sky Wd Were ho P eftd < hat * would^ove 
Sey Cached ^S^ST % 8 °' J^ ess f r , described ■ deling of apathy mingled with defianc 
iney reached the Hillary step and continued, alternating leads and resting three or four times At 8800 

SsSXr lO^f r Pe H d l t ° gethe , r ' bUt WCre 80 aff6Cted ^ the of oxyge'thaTtney ° 
Shino K !7 1 6t m Ae Sn ° W - MeSSner testified int0 Ws ta P e border that 

breathing becomes such a serious business we scarcely have strength to go on." He described feeline 
like his mind was dead - and that it was only his soul that compelled him to crawTfomard § 

Sometime between 1 and 2 in the afternoon on May 8 1978 Messner anH Hah^w om^^a u < 

described his feeling: "In my state of spiritual abstraction, I no longer belong to mvse°f ind?o mv 
eyestght. I am nothtng more than a single narrow gasping lung, floating overfteS 2 I summits." 

f™ „ Ai l l to0k .??u ' e / *? h0Ur ,0 get down t0 ^ Soulh CoL Messner an hour and fluee-ouarters 
for a tee ma. had taken them eight hours that very morning. They reached Baae^jST^o 



hUk t^T "? and , Habe i er ' s sucress P" 22 ^ the medical community, and caused a re-evaluation of 
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Respiration 

(J.L. Bailey, J.Y. Grivetti, R.C. Adams, R. Bailey, D.E. Facey, R. Bailey) 
(presented by Saint Michael's College, Colchester, VT, USA) 

What is respiration? Why do animals respire and why is it important? 

Sidtf S °r 'Va*??** maj ° r reaC " 0nS f °"° Win8 8lyC0lysis ' to *~ acetate 
■estdoes are degraded to C0 2 and H 2 0. Witt, each turn of the Krebs cycle, 2 CO, molecules and 8 H+ 

The electron transport chain, also known as the respiratory chain, oxidizes the NADH and FADH, from 
ttte Krebs cycle to H 2 0 by oxygen. Thi s cycle involves electrons tha, move through about seven steps in 

nSh to FAnST" 8 T m ° rc fi»m the high reducin- n.fr.H.1 of 

NADH to FADH 2 to oxygen, the final electron acceptor. The electron transfe r is the gS y fo, 

Sa^^SS 38 ^ " J* ^ *» ' he fransfe for *» Phosphorylation 

„L?T ?u ^ J ATP mo,ecul es are collectively released from the three cvcle* of 
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What is oxygen debt? 



pX ^m££S^s& T y f n t0 active muscle ce,ls is not suffi -< to 

glycolysis, without suffiS^eTsnl X * °^ ^ of additional ATP will be from 
which accumulated Sto^S5fo?S 1 "T* "? d Pr ° dUCed is reduced to lactic acid > 

convert tactic acid «„ ^SL^^S^ ° f P—W «»« 

of oxygen eaeh envtomenfcan iS^'"*' Tem P erature ^ ^ an effect on the amount 
decreases. Air Z ZZl a sSt ^ "I temperatUre mcreases lha "™>™« of dissolved oxygen 
Physiologically Z2Z becate Sl.T """^ le ">P^e, but it tart 

also lower in watlflS TTtil ^ "* "l '° l egi " with ' Gas diffllsi °n ™« are 

concentration decreases gasToluMl h T Si ^ ^J** Wa ' CT beCaUse the «* 

teneshia. organisres in ^^^0^ ^ 

attached to it, which is wheXSaSa To wig^y ^ heme gr0Up has m "° n atoI >> 
th r e0^ho„d,«ha,i su d«r^ 

efficient oxygen transport clt^ ^"^jMSiT" 
without changing the conditions thmnohnnt th~ * ™ y r cnan S ea > ana all of this can be done 
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whtch to 0 2 dtfluses ,„,o tf,e Mood. Hemoglobin's affinity for oxygen typical,, decre Js if 
temperature mcreases, pH decreases, or C0 2 levels increase. 

maximum number able to be earned Wh,„ „ n , , hemoglobm, 4 bemg the 

no, affecting the parba. *° * h ™» " « " 

fiom the lungs to body cells and tissues uTen^olh^fA y ' V"^ Scenario for »W» <ra-sfer 
(high amoun, „f o 2 diffusing acrosTuTe 5^^^^^*^^."*" , 
near body eells that need it (low 0 2 content). * <S ,he ° XySen 3Way) 

h o ^r y r»& h . 

""P^exp.arc^fkei 

SSSS^S^^ bmding sites that 

subunit cooperativity between the four 32? ™ e i lgm0,d ( s - sha Ped) curve is due to 
binding sites are occupied by oxygeTiHs ^tovel^/ffi T," " hem ° 8lobin molecule ' »° 
does, however, the structure of ttf to^iS, S f ■ V° "* fot 0 "»» <° bi °>>- After it 
becomes more accessibl ^This makSft a T^.' S ^ ' " nd the second bi «<lmg site 

mis, additiona. oxygen molecu eTtod <X *S? ° f ° Xy * en to btad A «« 
oxygen binds slowly at ^ md then m « 

How is carbon dioxide transported in the blood? 

of.be C0 2 dra, is in the blood is fi*" " A ^ ™ 8e 
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the blood fom the ti ^ b)ood (o ^ respjratory su faces 

Why are red blood ceDs important to carbon dioxide transport? 

Most of the C0 2 entering or leaving the blood go throngh red blood cells for two reasons One reason is 

reaction of CO, with Off resulting in the fomtation of HCO3- ions. As the level of HCO,' ions 

plasma of the blood. In order to maintain electrical balance within the erythrocytes an ^ exchanp , 
occurs tn aprocess caned a**^ h this process , ncQ . hm Z^ZZH^L 

and fa- to red blood cells and plasma. This keeps the bicarbonate from budding up m the^, 2 
cella, whtch would slow down or stop the reversible conversion of CO, to HCO, Mi^^L 
occurs m the movement of CO, across the respiratory surfaces as bicarbonate (HCO, ) diffuses on, of 
£ red food cells and into the epithelium where i, is converted back ,0 CO, Lrenon of C0 2 s 
Itmtted by the rate of b.carbonate-chloride exchange across the erymrocyte membrane 

-sec 0 „dreaso„whym„s,of l heC0 2l sha„ S p„ rt ed,oa„d fo mmeb,oodbyp^„g tou8hme ^ 
erymrocy.es is mat O^binds ,6 Hemog,obi„ (Hb) atthe r«pira,oly suriace^ing Byttogentons (HY 
^■released. Increase BTtWitmm mWXif* form CO, and Off. Thus, more CO, is 
formed and can leave the blood across the respiratory surface Wxces, H + -hi„H. .„ mr- <• 
and allowtng the pH to mcreaae enough ,0 >&mi^^£2g2£3?r 
from Hbm me tissues makes Be Hb available to bind to ff*", promoting the conversion of CO, to HCO • 
. which helps draw CO, from the tissues Ther P W rn *u * • u - 2 3 

WnnHo-.ii. - • • I tissues. Therefore, C0 2 that is bemg transported into and out of the red. 
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Figure 1 



lung surface 
/ (epithelial cells) 




tissue/cell surfece 



Figure 1. Respiratory reactions in red blood cells at the lung 
surface and the cell/tissue surface. 



Designed by: J. Bailey 



Why is the regulation of body pH important? 

^^^^^^S^^ T ° rgan J' tiSSUCS ' Md Vari0US ^ s ^ cells are 
mechanisms, induSlSSta^^^^i^ m &IihnaVs ^ m various 
animal to m^S^^^^S^ ^ th ? ***** the bod y PH in order for the 
animals in order to S^SS^Sffi t^f™ ^ PH " » 
is regulated in order for cellular nmctionstonror^ Si ? gUh ? 6nZyme activit y- Withi * pH 
redistribute acid between ^^Z^S^t ^ b ° dy has *■ abi % *> 

larger fluctuations in ^^^SS^^^^S^^ to to,erate 

of neutral, which means mTtlTeTs SstSZtn ^ * ^ P ? ** is ° n 1,16 alka,ine 
Plasma, at 37° C (normal bo^S^SSS^^ "TV" b ° d ^~ b ^ 
mammals at 37° C over a bloo'd vkZ^^gESf ^ ™ * 



How does breathing regulate pH? 
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get nd of the excess C0 2 , which brings H+ levels back down and brings pH back up. Hence when 
breathing is increased, CO, levels in the blood decline and pH increases. If pH increases, respiration rate 
decreases, thereby increasing C0 2 levels, which forms more carbonic acid and brings pH back down. 

4n mammalS ' a Stable bod yP R is achiev «i by adjusting the release of C0 2 through the lungs and 

mmmmm. 

ap.ca. s^face of to ep.the,,™. Fish ^ also have . HCQ 
the regulation of body pH. 



What are alkalosis and acidosis, and what are the consequences? 

^^spiotoipcidosis. When iung vennlation is ^ above CO, 

^^°>*°%:^ 2 

eVuTEnt "JSrJF ^ "* e,ectroneutra1 ' which ^ans that the sum of the anions 

r^l^ Within the cel1 that ** as physical buffers to 

A second mechanism that regulates cellular pH involves the important reaction of HCCV with H + ions 
For example when oxygen enters red blood cells within the blood, the molecules attach to the 

SoThCO - ele ^ PH d ^»* -rea.es cellular acidity and causes the , 

reachon of HC0 3 with H+ 10ns to form CO,. The CO, then diffuses out of the red blood cells thus 
r regulating the pH within the cells. 

Also the proton-exchange and the anion-exchange mechanisms in the cell membrane play important 
roles in adjusting cellular P H. For example, if a cell is acidified, there is a H+ efflux, l^cZl ted 
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to a Na + influx and there is a HCO3- influx, which is connected to CI" efflux. This mechanism adjusts 
the pH of the cell to a less acidified state. Lastly, another mechanism for regulating cellular pH involves 
the simple passive diffusion or active transp ort ofH+ inns frnm th P ^ 



What are the organs that facilitate gas exchange/respiration? 

Gas transfer occurs by passive diffusion from the environment across the body surface. Air breathing in 
most vertebrate animals, involves the movement of air into and out of the lungs. Insects have developed 
a very different method of gas transfer between the tissues and the environment and this includes a 
tracheal system. Water breathing, on the other hand, for most aquatic animals involves a unidirectional 
flow of water over the gills. Thus, the structure and design of the mammalian, insect, and fish 
respiratory systems are radically different. Each gas-transfer system is built according to the needs of the 
animal and to the medium in which it lives. 

In air breathing animals, the related respiratory organ that facilitates gas transfer, is the lung. The lungs 
in air breathing vertebrates are large organs of respiration located in the chest cavity. In humans the 
right lung is made up of three lobes and the left lung is composed of two lobes. They are suspended in 
the pleural cavity and opens to the outside by the trachea . The respiratory portion of the lung includes 
the terminal bronchioles (under glossary term as bronchus) , the respiratory bronchioles, and the 
alveolar ducts and sacs. 

In contrast, the associated respiratory organs of the fish include the gills. The gills consist of a feathery 
branched tissue richly supplied with blood vessels. The gills facilitate the exchange of oxygen and ' 
carbon dioxide with the surrounding water. 

Most insects respire by means of a tracheal system. In this system, gas is directly transported to the 
tissues by air-filled tubules that bypass blood. The pores to the outside, called spiracles , deliver the 
gases of respiration. The drawback of this system is that the gases diffuse slowly in the long narrow 
tubules; as a result, these tubes need to be limited in size for adequate gas transfer. The advantage is that 
0 2 and C0 2 diffuse much faster, 10,000 times faster, from the air than in water, blood, or tissues. This 
feature often uses less energy for ventilation and bypasses the need for a circulatory system. Another 
advantage of the tracheal system is that oxygen can be delivered directly to tissues that need it such as 
flight muscles. 



What are the components of the mammalian lung? 

The mammalian lung is more complex than that of the amphibian, reptile, or other non-mammal species 
and consists of a complex network of tubes and sacs. To be more specific, the human respiratory system' 
consists of the nasal cavity, pharynx, trachea, bronchi, and lungs. Although not considered a part of the 
respiratory system, the ribs, muscles, and diaphragm are important and help in the expansion and 
contraction of the lung. To begin with, the pharynx and larynx lead to the lungs; the larynx is connected 
to the trachea, which branch into the right and left bronchi. These bronchi further divide and lead to the 
terminal bronchioles. The terminal bronchioles continue and then lead air to the respiratory bronchioles 
The respiratory bronchioles themselves connect to a fan of alveolar ducts and sacs. The function of the 
alveolar ducts and sacs is to moisten and cleanse the air taken in, and furthermore, transfer it to the gas- 
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^SS^rSTf^ 6 ^ Pf 6 3lVe0lar dUCtS md SaCS m fllled with ma °y capillaries, the 
smallest of the blood vessels, and also consist of connective tissue fibers. 

AlvgpJi, millions of interconnected sacs, also make up a large part of the lung. The human lung is made 

IZZ T ia n f3 °° mi,li °. n alVe0li " diffilsion > *«* from ai ' ^ the 

exchanged with the gases in the pulmonary capillary blood. The transport of gases depends on this 

exchange and relationship between 0 2 pressure in the alveoli and the surrounding atm^pheric Pressure. 

^nf^:? rOU ^ 1 a u SerieS u 0 ? rancheS md SmaIler ducts ' air is delivered t0 respiratory portion of the 
lung (the terminal bronchioles, respiratory bronchioles, and the alveolar ducts and sacs) gas is 

2? t£ aCr °?J k Tesp ^ e P ithelium in specific areas. Gas transfer also occuVs across acini 
and the pjiresofKohn, which allow for collateral (side-by-side) movement of air 



fa^SSSr' aDima,S VeDd,ate thdr ,UngS/SpiraC,eS? ( mammaIs > birds, reptiles, frogs, 

The functional anatomy of the lungs and associated structures vary considerably among animals in the 
mechanism of lung/spiracle ventilation. * nunuus m me 

Mammals 

^hJ^ { ZT m i lS iC ' mu,ti - chambered bags, which open to the exterior through a single 

habe, called ttie trachea. The lungs are suspended within the BlMmLcavity. The ribs and the 
diaphragm form the walls of the pleural cavity, which are referred to as the thpraciccage The thoracic 

pSa^ 

During normal breathing, the thoracic cage expands and contracts by a series of skeletal muscles the 
diaphragm and the Mtej^ai^ The respiratory center witon the 

medulla oh ongata controls the contractions of these muscles through the activity of motor neurons 
During ; inhalation, the volume of the thorax increases due to the lowering of the Iphragm motion 
the ribs are raised and moved outward by the contraction of the external intercostal muscles The 
mcrease in thoracic volume reduces alveolar pressure, and air is drawn into the lungs. During 

Sp 5E!Sr ^i iaP ^ eX , t6mal taterC ° Stal mUScl£S reIax ' redudn 8 ^ thoracic volume Reducing 
the thoracic volume raises alveolar pressure and forces air out of the lungs. 

Birds 

hi the lungs of birds, gas exchange occurs in air capillaries extending from parabronchi a series of small 
uibe-hke structures, which are functionally equivalent to the alveplih manuals. T^aXndnf 
extend between large dorsobronchi and ventrobronchi, both of which are connected to an even larger 
tabe, the mesobronchus -The parabronchi and connecting tubes form the lung, which is contained 
withm a thoracic cavity. However, the volume of the thoracic cage and lung changes very little during 
breathmg and therefore, are not directly involved in avian lung ventilation. In birds, the^saoSi 
connected to the lungs ventilates the avian lungs. During inspiration, air flows througfr thf^^ 
S^l S i mt ° n Udal 3lS0 m ° VeS thr0U8h the dorsobronchus and the parabronchi 

Z bl It 2n\ n SaCS ' ° X ^ 8en 15 ^ air ca P illaries from the parabronchi and is taken 

up by the blood. Dunng expiration, air leaving the caudal air sacs passes through the parabronchi and 
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Reptiles 

atmospheric presstul ^nwl^fL^clZT? 'I"" 8 ?* preSSUre within » e ca 8 e below 
passively by the relaxationSe ™S a ?l" ^" m, ° * he lungs ' Exhalation Mcurs 
arching me elastic comp^em „Ze to^T^ Stored in 

^"o^si^^ 

reverse process results in lung deflation ^E? of the shoulders are what inflate the lungs. The 

to adecrease in pitaMnJ^^^^^^S^ ^ ^ ^ ^ 
deflated and the turtle can't breathe. ^ When 3 ^ 18 W1 *drawn into its shell, its lungs are 



Frogs 



nares close and the glotSTpS TOeb^cLlfllTh T "P™ * nd "* glonis cI ° sad - Tl ™ »e 
the lungs. This lung "filling ^pnWmav be ™Ji^ iT* f ° rCmg * from the buccal cavity into 
This same process may aUo «SS T w^," 1 SeqUenCe ak in P"*"»- 

complex method of lung ventilation may bo ,„ reduce fluctuations in CO, levels in foe tal , ™ 
and regulate blood P ro2 and confro, blood p„. Frogs also exchange Tl 
lungs are not the only repsiratory surface. s meir skin, so the 



Invertebrates 



have vada^^SS^t^T^ ^ ^ and the envir ^ent. Spiders 
filled plates that extend Uke the kavS, hni f ha k ve / es P lrator y s ^ces consisting of thin, blood- 
The spiracles ope* £d dose £ Set ot i^ T* T** by m < s P ira W 
also have ventilated lungs ; k ^ffito^,^ ^ I hese ; book ^ Snails and slugs 
withdraw into their rigid 1 shelkT^ ™ gCS enablmg them to emer 8 e ^ and 

insects have a g^SfaSS^SoSLSS t^f ? ^ 3nimal ' S ^ Mo * 

insect tracheal system link To ftiSZftS ?iS£ ^ Sy em (t ° ^ more ^^tion on the 
lungs and gills?) ^ qUeSt, ° nS - H ° W d ° lnsect work? How are they different from 



How do gills work? 
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er ot gases ,s made (0 2 in, C0 2 oul). The reason for this unidirectional flow of water 
move'air beeause JaS^fand S ^ ^ * mUCh """ *™ ta 10 

™S°Svev^ 

pushing i, over the gills ^Zot^t^Z^^,^ T"* (buCcal chamW > ™ d 
bueeal/operenlar ventilation The nressufe in wif tf f ' *"f • are housed) accomphshes 
operctllarchamber so the fresh, S£ K rT?? ' S kep ' hlgher than "» P ressure » the 



How do insect tracbeoles work? How are they different from Jungs and gills? 

discontinuous ventilation ^cvde Svo wh^T f f - m res P lration s °™ insects use the 

to the C0 2 betng produced. Due to this, when the open phase begins mere is a O.^Mim the low 

: co s :T" b ; dy, /r ns a rash of 02 fom *• — *• * ta ° » i 

Se bldT ^ " e a '° DS " y *• e ~ ° f —ry sacs 

wtthm me body to pul, more atr m or push more air out. During the flutter phase mere is rapil inhalation 

http : //acadenucs.smcvt.edu^^ 
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and exhalation. This type of ventilation uses the most energy and it is not understood why it is done. 



What is the role of pulmonary surfactants in respiration? 

Pulmonary surfactants are lipoprotein complexes produced in the lungs that are used to reduce the 
effort in breathing and help prevent the collapse of alveoli . Pulmonary surfactants make expansion of 
the alveoli easier by lowering the surface tension that holds membranes of different alveoli together and 
minimizes expansion of individual alveoli. This makes it easier for alveoli membranes to slide against 
each other when they are expanded to take in air. 

Surfactants also reduce the chances of alveolar collapse by stabilizing surface tension when an alveoli 
sac is expanded. When alveoli are expanded the surfactant is spread out more, which increases surface 
tension. Surface tension is a major contributor to wall tension, which determines if a small alveolar sac 
collapses into a larger alveolar sac. Collapse occurs when the pressure inside a small alveolar sac (wall 
tension in relation to the radius of the sac) is greater that the pressure in a larger alveolar sac, forcing the 
air in a small sac (high pressure) to force its way into the large sac (low pressure). The surfactant 
prevents this by minimizing the surface tension, which minimizes the difference in wall tension and 
thereby minimizing the pressure difference between alveoli. 



How are breathing patterns controlled or regulated? 

Breathing is an automatic and rhythmic behavior regulated by several nerve centers in the brain, more 
specifically, in the neurons of the pons and medulla oblong ata. The central processing of many sensory 
inputs control breathing movements. The central processor is made up of a pattern generator and a 
rhythm generator. From these, the depth and amplitude of each breath is controlled and the frequency of 
breathing is controlled, respectively. 

Ventilation helps maintain satisfactory rates of gas transfer and blood pH levels. Breathing movements 
with eating, talking, or other bodily functions are controlled by sensory inputs as well. The muscles and 
diaphragm help ventilate the lungs. This action is stimulated by the spinal motor neurons and the phrenic 
nerve that get information from the neurons that make up the medullary respiratory centers. The muscles 
of the respiratory system are finely controlled, and this allows humans to breathe, sing, and whistle. The 
medullary respiratory center also contains inspiratory and expiratory neurons. The activity of the 
inspiratory neurons correspond to inspiration. The networks of neurons connect to higher brain centers, 
the chemoreceptors and mechanoreceptors . 

Neuronal action has much to do with breathing and respiratory activity. From the phrenic nerve or from 
individual neurons in the medulla, scientists have been able to record inspiratory neuronal activity and 
learn more. Inspiration is characterized by a changing release of medullary neurons. The activity 
recorded shows a rapid onset, a gradual rise, and an abrupt termination with a sudden burst of activity 
related to inhalation. Following this activity, the inspiratory muscles contract and intrapulmonary 
pressure decreases. Inspiratory neuronal activity can be said to depend on the cycle of various neurons- 
inspiratory, early inspiratory, off-switch, post inspiratory, and expiratory neurons. The "off-switch" 
neurons come about at the sharp cutoff point in the activity of inhalation, and also when neuronal 
activity has reached a threshold level. Pulmonary stretch recep tors that are stimulated by lung 
expansion decrease the threshold level. Without these receptors working on the inspiratory neurons, 
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there would be over-expansion of the lung. At the beginning of expiration, the amount of work by the 
inspiratory muscles begins to decrease, which is caused by the post-inspiratory neurons. The post- 
mspiratory neurons are responsible for slowing the rates of expiration. At the end of the post-uispiratory 
activity, the expiratory neurons are then released. y 

The time between each breath is determined by the interval between the bursts of activity of the 
mspiratory neurons. The interval between a burst of activity is related to the amount of activity in the 
burst that came before it, as well as with nerves in the pulmonary stretch receptors. If the activity of 

SET 1S 7 ea >, aS 18 Wh6n taking 3 d6ep breath ' mere is a lon 8 er faterval ^tween inspirations. This 
Si 6 rafa ° ?f dura , tl0n ° n "»pmtoiy and expiratory activity to stay constant no matter how long the 
SS^SS. 18, puhnonar y stretcn rece P tors can ^nce this ration, however, depending on their 
activity. If these receptors are very active, the duration of expiration may be extended, leavin? a longer 
time for exhalation. This can occur during expiration when the lung empties out slowly and when the 
pulmonary stretch receptors are still active while the lung stays inflated. 

Expiratory neuronal activity appears not to influence normal exhalation. Exhalation most often occurs 
passively, as the thoracic cavity relaxes after inhalation. Expiratory neurons are used for forced 
exhalation, however, and are only active when the inspiratory neurons are still. 

JnHtnTT T Pimt0Ty u SySt ! m haS thC abiHty t0 adjust its breathin S P attems to diff erent environments 
and to disturbances in breathing, such as asthma (a narrowing of the airway which causes breathing 
difficulties). This flexibility is due to a number of sensors found throughout the body, which send 
signals to the respiratory networks in the brain. The chemoreceptors detect any changes of acidity that 
may occur in the cerebral spinal fluid (CSF) in the brain, or in blood. For example, when P m9 levels 



increase in the body, the levels of pH in the CSF decrease. The chemoreceptors act to drive ventilation, 
and the amount of breathing is increased. The mechanoreceptors of the body help maintain any 
expansions of the lung and also help maintain the size of the airway. " 



How does an animal respond to extreme conditions? 

Animals have the abihty to respond to extreme conditions, such as reduced oxygen levels (hypoxia) 
increased carbon dioxide levels (hypercapnia), diving, and exercise. As we will see, each of the 
extremes mentioned will induce a respiratory response specific to its demands. 

Decreased 0 2 levels (hypoxia) 

In aquatic environments, gas mixing and diffusion occur less rapidly than in air. Because of this aquatic 
animals experience frequent changes in 0 2 levels and face regions of hypoxia. C0 2 levels may or may 
not come about with different 0 2 levels. 

Some animals can survive periods of hypoxia. To do so, the animals either use anaerobic pathways or 
will adjust their respiratory and cardiovascular systems in order to deliver oxygen throughout their ' 
bodies while experiencing reduced 0 2 availability. 

In air, the levels of 0 2 and C0 2 can remain relatively stable. There is, however, a decrease in 0 2 levels 
with higher altitudes,With increasing altitude, there is a gradual reduction in P Q2 , and each animal has a 
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different way of fighting these conditions. For example, and increase in blood levels of 2 3 DPG will 
decrease the affimty of Hb for 0 2 , thereby releasing more 0 2 for the tissues to use 

A decrease in P 02 of the air will cause a decrease in blood P Q2 . The carotid and aortic bodies are 
stimulated when this happens, causing an increase in lung ventilation. When there is an increase in luna 

ventilation there is more CO, eliminated and a reduction in blood P C02 as well™esXtS pH oT 
-me CSF rises and tends to reduce ventilation. When an animal is in an area of hypoxia for a longer 

penod of time, b bod and CSF P H levels are brought back down.to normal by Sease of bicarbonate 

week ^carl^r; 6 ' ^iST* !*° ^ moV8d to * **« altitude > ^ £~^SSS? 
week. The carotid bodies and the aoilicbody chemoreceptors may be reset to the lower C0 2 levels 

Hypoxic conditions cause a vasoconstriction in the pulmonary capillaries and a rise in Dulmonarv blood 
pressure. This circulates the blood away from the poorly ventilated areas of the lung pUm,0nar y blood 

There are othereffects to living in such an extreme condition. Humans, for example tend to be smaller 
m size, barrel chested and have an increased lung volume. There is a reduction in ? l^bllelopZf and 

D fesr e C s e A S !Io e ° r deVel °P m 5 nt of the rf 8 ht utricle, due to increased pulmonary blood 

pressures. Also over long periods of time, most animals will increase the number of red blood cells and 

£ '^iSS^^tY^ feature in l reases the oxygen capaci * «** Mag, 

is a decrease m 0 2 levels in the blood, erythropoietin, a hormone of the kidney-and liver, is produced 
This hormone stimultes red blood cells are production in bone marrow. Hypoxia may also result in 
systemic vasodilation, as well as an increased cardiac output. When 0 2 sullies are ■ restoreTfrom 
mcreased hemoglobin levels in the blood and through ventilation, cardiac output is brought back to 

Increased C0 2 levels (hypercapnia) 

P CQ2 represents the amount of C0 2 in solution. When there is an increase in blood P CQ2 there is an 
increase-in ventilation. The aortic and carotid body chemoreceptors, the mechanoreceptors in the lungs 
and most especially, the central H + receptors, regulate this activity. They do so by sending messages to' 

venZo 7 TT w ^ br T ThC PH ° f the CSF is brou 8 ht back levektorder tobZ 
ventilation levels back to normal as well. When there is an increase in CO, levels, there is a distinct 

increase in ventilation. After the stress of increased C0 2 levels is relieved, ventilation gradually returns 
to a level slightly above the ventilation level that occuired before hypercapnia. The reason it returns to a 
eve only slightly above the initial ventilation volume relates to a rise in plasma and CSF blarZate 
levels^ a result of the increased plasma and CSF bicarbonate, P H levels are bright backTnZS 
even though there may still be a high level of C0 2 . ' 

Diving by air-breathing animals 

During a dive, animals are subjected to periods of hypoxia. Anoxia, severe hypoxic conditions that can 
result m permanent damage, is a large problem for a mammal's central nervous syst^^ao? 
because of this, oxygen must be continuously supplied to the animal. Throughout a dive animals 
combat anoxia by making use of oxygen stores in the lungs, blood, and tissues. Animals that dive have 
higher hemoglobin levels, which increase the oxygen capacity of the blood, and also have ZZ owL 
stores m muscle ( myoglobin ) to efficiently supply the body with 0 2 . In order to utilSeXes 

hS?? d T ng > 3 ^ bl °° d iS deliV6red t0 the brain 311(1 heart firet " The ti^«es and organs to where 
blood did not go to resort to an anaerobic pathway. As a result, the heart rate slows and oZc output 
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During exercise, more oxygen i s needed, and more C0 2 and metabolic acid are pranced. In addition 
f ~od fl „w.WhTaS^^ 

levels, increased CO, levels, and an increase in H + levels. In .he arterial blood, however, Ihe average 
Po 2 and P CQ2 do not differ much as they do in the venous blood, except when under extreme exercise 

and the O needs are met. This may take a while, if a sigmficant oxygen deb. has been built up by a 
prolonged period of anaerobic muscle activity. 



What are some of the physiological problems associated with high altitude? 

^ w ? 18 n0t 111100111111011 10 find them above 20,000 feet using skill streSand 

death. Why is this? Why does our body respond so negatively to high altitude environments? 

"eatmosphericprcss^ 
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aW^det 3115 66% ° Xy8en iS available - ms is what climbers face when Performing at high 



Due to the oxygen constraint, our bodies are forced to work harder to continue to metabolize 
Respiration must mcrease to get sufficient oxygen across the lungs. Increasing our respiration can be 
taxing to our systems. If the body overdoes it, Acute Mountain Sickness (AMS) can occur This is the 
result of increased respiration and circulation. The body overcompensates for the decreased oxygen by 
sending too much to die brain. Leakage into toe brain occurs and causes swelling. Decreased oxygen 
also starves nerve cells, triggering the release of adenosine. This chemical decreases the body's 
metabolism, decreasing our need for oxygen. It also dilates blood vessels into the head and neck which 
allows moreoxygen to go to the brain. This is the same dilation that is correlated with migraine 
Stl T';: ^atment for the migraine symptoms is the use of caffeine. Caffeine blocks the 
adenosmereceptors, thus preventing vasodilatation. If AMS goes unnoticed, a more serious sickness can 
occur.raigh Altitude Cerebral Edema (HACE) has occurred from 10,000 ft. and abov ^^^cOuTwhen 
^ overlooked and thus brain swelling increases. In extreme cases, death can result.^y^ptoms 
<3K*£ a f ba,a?1Ce '. Se 1 Vere headache ' vomiting, nausea, and hallucinations. Known treatments 
Mnclude rapid descent, supplemental oxygen, water, and _a diuretic called Diamox. yictims of HACE 
often experience comas and death.xThe increased blood flow, as a result ofhigh altitude that was 
vmentioned before, can also lead to High Altitude Pulmonary Edema (HAPE). This occurs When 
excessive blood pressure causes fluid to leak from the blood vessels into the alveoli sacs of the lungs 
Cases have been seen at 8,000 ft. and above and were characterized by difficulty breathing, gurgling 
sound in lungs fever, coughing, and exhaustion. The fluid in the lungs blocks the Oxygen Wood 
^Z C ; ^ body compensates by increasing heart rate and blood pressure, thereby forcing more fluid 
M^tXS^tcT^ not decreased, the victim drowns. No oxygen reachef the 

Other problems associated with high altitude include Periodic Breathing and Khumbu Cough In 
Periodic Breathing during sleep above 14,000 ft., climbers will repeatedly stop breathing gasp 

o'hS V I 8 ™" ? C m6dUll f ° f the brain is affeCted Causin S breatl 4 *> become 
irregular. C0 2 builds up, the sleeper hyperventilates, C0 2 decrease, respiration stops, and the cycle 

continues^The body actually responds to a state of alkalosis, which causes the shut off of breathing 
Khumbu Cough is commonly seen with high altitude climbing. It is characterized by a dry cough that 
results from too high a breathing rate. The mucosa of the bronchi dries out due to the increased 
breathing rate and contact with dry, cold air. Besides irritation, the Khumbu Cough can result in broken 
ribs as a result of severe coughing episodes. The only prevention is to keep the breathing rite down 
This reduces the drying out of the mucosa. 
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Prevention of high-altitude pulmonary edema by nifedipine. 
Bartsch P, Maggiorini M, Ritter M, Noti C, Vock P, Oelz O. 

Research Institute, Swiss School of Sports, Magglingen. 

BACKGROUND. Exaggerated pulmonary-artery pressure due to hypoxic 
vasoconstriction is considered an important pathogenetic factor in high- 
altitude pulmonary edema. We previously found that nifedipine lowered 
pulmonary-artery pressure and improved exercise performance, gas 
exchange, and the radiographic manifestations of disease in patients with 
high-altitude pulmonary edema. We therefore hypothesized that the 
prophylactic administration of nifedipine would prevent its recurrence 
METHODS. Twenty-one mountaineers (1 woman and 20 men) with a 
history of radiographically documented high-altitude pulmonary edema 
were randomly assigned to receive either 20 mg of a slow-release 
preparation of nifedipine (n = 1 0) or placebo (n = 1 1) every 8 hours while 
ascending rapidly (within 22 hours) from a low altitude to 4559 m and 
during the following three days at this altitude. Both the subjects and the 
investigators were blinded to the assigned treatment. The diagnosis of 
pulmonary edema was based on chest radiography. Pulmonary-artery 
pressure was measured by Doppler echocardiography and the difference 
between alveolar and arterial oxygen pressure was measured in 
simultaneously sampled arterial blood and end-expiratory air. RESULTS 
Seven of the 1 1 subjects who received placebo but only 1 of the 10 subjects 
who received mfedipine had pulmonary edema at 4559 m (P = 0 01) As 
compared with the subjects who received placebo, those who received 
mfedipine had a significantly lower mean (+/- SD) systolic pulmonary- 
artery pressure (41 +/- 8 vs. 53 +/- 16 mm Hg, P = 0.01), alveolar-arterial 
pressure gradient (6.6 +/- 3.8 vs. 1 1.8 +/- 4.4 mm Hg, P less than 0.001) 
and symptom score of acute mountain sickness (2.0 +/- 0 7 vs 3 9+/ 19 P 
less than 0.01) at 4559 m. CONCLUSIONS. The prophylactic 
administration of nifedipine is effective in lowering pulmonary-artery 
pressure and preventing high-altitude pulmonary edema in susceptible 
subjects. These findings support the concept that high pulmonary-artery 
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High altitude pulmonary edema. 
Bartsch P. 

Institute of Sports Medicine, Department of Medicine, Heidelberg 
Germany.sportmedizin@krzmaiLkrz.uni-heidelberg.de 

Altitude, speed and mode of ascent and, above all, individual susceptibility 
are the most important determinants for the occurrence of high-altitude 
pulmonary edema (HAPE). This illness usually occurs only 2-5 days after 
acute exposure to altitudes above 2,500-3,000 m. Chest radiographs and CT 
scans show a patchy predominantly peripheral distribution of edema Wedge 
pressure is normal at rest, and there is an excessive rise in pulmonary artery 
pressure (Ppa) which precedes edema formation. Bronchoalveolar lavage in 
patients with advanced HAPE shows evidence of inflammatory response 
with increased capillary permeability. There are, however, no prospective 
data i indicating whether the inflammatory response is a primary cause of 
HAPE or a consequence of edema formation. Excessive rise in Ppa appears 
to be a crucial pathophysiologic factor for HAPE. Recent observations of 
/ P V n HAPE - su sceptible subjects who did not develop pulmonary 
edema after rapid ascent to high altitude suggest either that Ppa does not 
necessarily reflect capillary pressure in these individuals or else that 
additional factors, such as an inflammatory response and/or a decreased 
fluid clearance from the lung, are necessary for the development of 
pulmonary edema. The treatment of choice is immediate descent When this 
is impossible and supplemental oxygen is not available, treatment with 
nifedipine is recommended until descent is possible. 
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Stress Doppler echocardiography for identification of 
susceptibility to high altitude pulmonary edema. 

Grunig E, Mereles D, Hildebrandt W, Swenson ER, Kubler W 
Kuecherer H, Bartsch P. ' 

Department of Cardiology, University of Heidelberg, Germany 
ekkehard_gruenig@med.uni-heidelberg.de 

OBJECTIVE: This prospective single-blinded study was performed to 
quantitate nomnvasive pulmonary artery systolic pressure (PASP) responses 
to prolonged acute hypoxia and normoxic exercise. BACKGROUND- 
Hypoxia-induced excessive rise in pulmonary artery pressure is a key factor 
in high-altitude pulmonary edema (HAPE). We hypothesized that subjects 
susceptible to HAPE (HAPE-S) have increased pulmonary artery pressure 
response not only to hypoxia but also to exercise. METHODS" PASP was 
estimated at 45, 90 and 240 min of hypoxia (Fi02 = 12%) and during supine 
bicycle exercise in normoxia using Doppler-echocardiography in nine 
HAPE-S and in 11 control subjects. RESULTS: In the control group, mean 
PASP increased from 26+/-2 to 37+/-4 mm Hg (deltaPASP 10 3+/-2 mm 
Hg) after 90 min of hypoxia and from 27+/-4 to 36+/-3 mm Hg (deltaPASP 
8+/-2 mm Hg) during exercise. In contrast, all HAPE-S subjects revealed 
significantly greater increases (p = 0.002 vs. controls) in mean PASP both 
during hypoxia (from 28+/-4 to 57+/-10 mm Hg, deltaPASP 2S.7+/-6 mm 
Hg) and during exercise (from 28+/-4 to 55+/-1 1 mm Hg, deltaPASP 27+/-8 
mm Hg) than did control subjects. Stress echocardiography allowed 
discrimination between groups without overlap using a cut off PASP value 
of 45 mm Hg at work rates less than 150 W. CONCLUSIONS: These data 
indicate that HAPE-S subjects may have abnormal pulmonary vascular 
responses not only to hypoxia but also to supine bicycle exercise under 
normoxic conditions. Thus, Doppler echocardiography during supine 
bicycle exercise or after 90 min of hypoxia may be useful noninvasive 
screening methods to identify subjects susceptible to HAPE. 
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High altitude increases circulating interleukin-6, interleukin-1 
receptor antagonist and C-reactiVe protein. 

Hartmann G, Tschop M, Fischer R, Bidlingmaier C, Riepl R, Tschop K, 
Hautmann H, Endres S, Toepfer M. 

Ludwig-Maximilians-University, Munich, Germany, ghartman@lrz.uni- 
muenchen.de 

Hypoxic pulmonary vasoconstriction is associated with but may not be 
sufficient for the development of high-altitude pulmonary oedema (HAPO). 
Hypoxia is known to induce an inflammatory response in immune cells and 
endothelial cells. It has been speculated that hypoxia-induced inflammatory 
cytokines at high altitude may contribute to the development of HAPO by 
causing capillary leakage in the lung. We were interested if such an 
inflammatory response, possibly involved in a later development of HAPO, 
is detectable at high altitude in individuals without HAPO. We examined the 
plasma levels of interleukin 6 (IL-6), interleukin 1 receptor antagonist (IL- 
lra) and C-reactive protein (CRP) in two independent studies: study A, 
Jungfraujoch, Switzerland, three overnight stays at 3458 m, n=12; study B: 
Capanna Regina Margherita, Italy, 3 overnight stays at 3647 m and one 
overnight stay at 4559 m, n=10. In both studies, probands showed symptoms 
of acute mountain sickness but no signs of HAPO. At the Jungfraujoch IL-6 
increased from 0.1+/-0.03 pg/ml to 2. 0+/-0.5 pg/ml (day 2, P=0 03) IL-lra 
from 101+/-21 to 284+A73 pg/ml (day 2, P=0.01), and CRP from 1.6+/-0 4 
to 5.8+/-1.5 micrograms/ml (day 4, P=0.01). At the Capanna Margherita IL- 
6 mcreased from 0. 5+/-0.2 pg/ml to 2.0+/-0.8 pg/ml (P=0.02), IL-lra from 
1 18+/-25 to 213+/-28 pg/ml (P=0.02), and CRP from 0.4+/-0.03 to 3 5+/-1 1 
micrograms/ml (P=0.03). IL-8 was below the detection limit of the ELISA 
(<25 pg/ml) in both studies. The increase of IL-6 and IL-lra in response to 
high altitude was delayed and preceded the increase of CRP. We conclude 
that: (1) circulating IL-6, IL-lra and CRP are upregulated in response to 
hypobanc hypoxic conditions at high altitude, and (2) the moderate systemic 
increase of these inflammatory markers may reflect considerable local 
inflammation. The existence and the kinetics of high altitude-induced 
cytokines found in this study support the hypothesis that inflammation is 
mvolved m the development of HAPO. Copyright 2000 Academic Press 
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